We demonstrate magnetometry by detection of the spin state of high-density nitrogenvacancy (NV) ensembles in diamond using optical absorption at 1042 nm. With this technique, measurement contrast and collection efficiency can approach unity, leading to an increase in magnetic sensitivity compared to the more common method of collecting red fluorescence. Working at 75 K with a sensor with effective volume 50 × 50 × 300 µm 3 , we project photon shot-noise limited sensitivity of 5 pT in one second of acquisition and bandwidth from DC to a few MHz. Operation in a gradiometer configuration yields a noise floor of 7 nT rms at ∼ 110 Hz in one second of acquisition.
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Recently, a technique for measuring magnetic fields at the micro-and nanometer scale has emerged based on nitrogen-vacancy (NV) electron spin resonances in diamond 1, 2 . This technique offers an exceptional combination of sensitivity and spatial resolution in a wide temperature range, from 0 K to above room temperature. Sensors employing ensembles of NV centers promise the highest sensitivity 3, 4 and have recently been demonstrated [5] [6] [7] . These firstgeneration magnetometers have measured submicron-scale fields, but their sensitivity was limited by background fluorescence and poor photon collection efficiency.
In this Letter, we demonstrate a technique to read out the NV spin state using infrared (IR) absorption at 1042 nm 8, 9 . With this technique, measurement contrast and collection efficiency can approach unity, leading to an overall increase in magnetic sensitivity. We perform measurements at 45-75 K on a sensor with active volume ∼ 50 × 50 × 300 µm 3 , revealing magnetic resonances with amplitude and width corresponding to a shot-noise-limited sensitivity of 5 pT in one second of acquisition and a measurement bandwidth from DC up to a few MHz. We demonstrate operation in a gradiometer configuration, with a sensitivity of 7 nT rms in one second of acquisition at ∼ 110 Hz bandwidth, and outline a design for a room-temperature device employing a low-finesse optical cavity with a) Electronic mail: vmacosta@berkeley.edu sensitivity approaching the spin-projection noise limit.
Spin-based magnetometers are fundamentally limited by the quantum noise associated with spin projection. The minimum detectable magnetic field for a sample of spins with density n in a volume V is given by 3, 10 :
where γ = 1.761 × 10 11 s −1 T −1 is the NV gyromagnetic ratio 11 and T * 2 is the electron spin dephasing time, and t m > ∼ T * 2 is the measurement time. The sample 4 used in this work (labeled S2), contains an NV density of n = 7×10 17 cm
for each of the four crystallographic orientations and typically exhibits T * 2 = 0.15 µs. With optimal detection the magnetic sensitivity approaches the limit set by Eq. (1), and we find the noise floor in this sample of ∼ 20 pT/µm 3/2 for t m = 1 s, or ∼ 10 fT for the active volume used here.
However, reaching this level of sensitivity requires an improvement over the commonly used technique of detecting spin selective fluorescence 12, 13 . For sufficiently low measurement contrast, R (relative difference in detected signal depending on spin-projection), the sensitivity using the fluorescence technique can be estimated 3, 4 by modifying Eq. (1) as δB f l ≈ δB q /(R √ η), where η is the detection efficiency. sible sensitivity, in the absence of excess technical noise or other broadening mechanisms, about three orders of magnitude worse than the spinprojection-noise limit. The contrast is limited by non-ideal branching ratios to the dark singlet states 8, 14 and high background fluorescence from defects which do not contribute to the magnetometer signal 15 , while η is limited by the field of view of the detection optics and sub-unity quantum efficiency of the detected transition 16, 17 . By using IR absorption detection, we circumvent most of these problems and achieve considerably higher sensitivity. Figure 1(a) displays the level structure of the NV center with allowed radiative and non-radiative transitions. The center has a paramagnetic (S = 1) ground state, with a zero-field splitting of D ≈ 2.87 GHz at room-temperature 18 . At low magnetic field (<< 0.1 T), the magnetic sublevels shift by ∆ z ≈ γm s B z /(2π), where B z is the projection of the magnetic field along the NV axis. Optical pumping via a spin-selective decay path 8, 9, 14 involving a 1042 nm transition, populates NV centers in the m s = 0 ground-state sublevel. The same decay path is also responsible for the drop in fluorescence upon application of resonant microwaves, which is the principle of operation of recent magnetometry demonstrations 1, 2, [5] [6] [7] 19 . The apparatus is illustrated in Fig. 1(b) . Pump (532 nm) and probe (1042 nm) beams were overlapped and focused to a waist of ∼ 30 µm diameter, approximately 0.5 mm before the diamond surface. The diverging beam had a diameter of ∼ 50 µm as it passed through the diamond, and was sufficiently far from the focal point (more than one Rayleigh range) that it exhibited far-field diffraction. Fluorescence was collected via the same lens, spectrally filtered to pass 650-800 nm light, and detected by a photodiode. The transmitted probe beam was split in two halves by a sharp-edge mirror and detected with separate photodiodes. The diamond was housed in a liquid-helium cryostat (Janis ST-500) and microwaves were delivered via a wire placed ∼ 2 mm from the illuminated region. No magnetic shielding was used.
The principle behind our technique is the following: under continuous optical pumping, we detect the population of NV centers in the metastable singlet (MS) by monitoring the transmission of the 1042 nm probe beam and use this to read out the spin polarization of the ensemble. In the absence of resonant microwaves, NV centers are pumped into the m s = 0 groundstate sublevel and there is reduced population in the MS corresponding to maximum probe transmission. Under application of microwaves with frequency D ± γB z i /(2π), where B z i is the magnetic field projection along the i'th NV orientation, population is transferred to the m s = ±1 sublevel, resulting in greater population in the MS and lower probe transmission.
Magnetic-resonance spectra, detected by both fluorescence and IR-transmission, are shown in Fig. 2 . A bias magnetic field of ∼ 4 mT, produced by a permanent magnet, was directed such that each of the four NV orientations had different B z i , resulting in eight resolved resonances. The contrast of both fluorescence and IR-transmission resonances depends on the change in the MS population, which saturates when the pump rate is Ω p > ∼ 1/τ M S , where τ M S ≈ 0.3 µs is the MS lifetime 9 . This condition was satisfied without significant power broadening for the pump power used here, 0.8 W.
For the IR-transmission resonances, the contrast also depends on the probe's optical depth. At room temperature, we find R ∼ 0.003, limited by the weak oscillator strength of the transition 8, 9 and homogenous broadening of the IR absorption line 8, 9 . The maximum contrast (R ∼ 0.03) occurs in the 45-75 K temperature range, where the homogenous and inhomogenous contributions to the linewidth are approximately equal 20 . This contrast is, coincidentally, nearly the same as the maximum contrast obtained using fluorescence detection, but the signal is much larger due to the higher collected light intensity.
Operation of the device as a magnetometer was accomplished by phase-sensitive detection. An oscillating magnetic field (frequency 40 kHz, amplitude ∼ 0.1 mT) was applied and the resulting photodiode signals were demodulated at the first harmonic using lock-in electronics. In order to maximize the contrast, we used the ∆m s = −1 resonance corresponding to NV orientation normal to the light polarization vectors 9, 15 . Lock-in signals as a function of microwave frequency are shown in Fig. 3(a) for both IR channels. The small difference in magnetic response of the two channels, due to inhomogeneity in the pump and microwave fields, was compensated for by adjusting the light levels hitting the photodiodes.
Tuning the microwaves to the center of the resonance, where the lock-in signal crosses zero, gave the highest magnetic response. Figure  3(b) shows the time-series response of both magnetometer channels when an additional AC magnetic field (frequency 109 Hz, amplitude 1 µT rms ) was applied. The magnetometer was also operated at 26 and 426 Hz with a similar magnetic response. The measurement bandwidth in this work was limited by the lock-in time constant, but in principle this technique can be used to detect fields with angular frequency approaching the maximum spin polarization rate, ∼ 1/τ M S , without degradation in sensitivity.
The Fourier transform of the time-series response for the 109 Hz applied field, Fig. 3(c) , reveals a noise floor for each channel of ∼ 15 nT rms in 1 s of acquisition for ∼ 110 Hz frequencies. For comparison, we also plot the noise spectrum for fluorescence-based magnetometer at room temperature, showing a noise floor of ∼ 60 nT rms in 1 s of acquisition.
Taking the difference of the two IR channels' magnetometer signals gives a noise floor of ∼ 7 nT rms in 1 s of acquisition for ∼ 110 Hz frequencies. Since these signals correspond to light that has interacted with spatially separate parts of the diamond, the difference-signal measures the magnetic field gradient across the beam (effective baseline ∼ 25 µm). The benefit of this gradiometric approach is that technical noise common to both channels, such as laser intensity and ambient field fluctuations, is canceled. The cancelation here was imperfect, as the dominant contributions to the noise floor were uncompensated intensity fluctuations of both pump and probe lasers, as determined by blocking the pump laser and/or turning off the modulation field.
In the absence of technical noise, our technique is limited by photon shot-noise, given by:
where Γ mr is the magnetic-resonance linewidth, E p is the photon energy, and P is the detected optical power. Analyzing the highest-contrast resonances in Fig. 2 , we project a photon shotnoise limited sensitivity of ∼ 40 pT for fluorescence collection and ∼ 5 pT for the sum of both IR absorption channels at t m = 1 s. The latter corresponds to approximately an order of magnitude better sensitivity-per-root-volume than the photon shot-noise limit of recent fluorescencebased demonstrations 6,7 . Here we were limited by the available laser diode power, but if the 1042 nm transition is closed, we may be able to increase the probe power without adverse effects, making the photon shot-noise negligibly low, and leaving only the quantum-shot-noise-limited sensitivity. In this case, the number of NV centers that enters Eq. (1) would be the change in the MS population on and off resonance.
The present technique can be extended to room-temperature operation by employing a cavity to increase the optical depth at 1042 nm. We estimate that a cavity with finesse of ∼ 200 will optimize the magnetometer response. Using two parallel micro-cavities should permit gradiometry with sensitivity approaching the quantum shot-noise limit of ∼ 10 fT in one second of acquisition. Such a device would be ideal for low-field NMR detection 21 in, for example, microfluidic devices 22 . The authors thank B. Patton, E. Corsini, and the group of A. Pines for helpful comments. This work was supported by NSF.
